Introduction {#sec1-1}
============

N-isopropyl-p-\[^123^I\] Iodoamphetamine (IMP) SPECT has been used to evaluate cerebrovascular disease, dementia and other brain disease ([@ref1]--[@ref3]). In brain perfusion SPECT, the attenuation and scatter of γ-rays emitted from inside the body are obstacles to an accurate assessment. There are several attenuation correction methods that have been developed. The Sorenson method is one of pre-reconstruction correction methods, where correction factors are applied to projection data before reconstruction, based on the geometric mean of the two opposing ray sums ([@ref4]). The Chang method is one of post-correction methods, which allows for post-reconstruction correction with factors calculated from the pre-determined attenuation distribution ([@ref5]). This method has been widely used to correct attenuation, because it is the easiest to apply among the many methods that have been developed. These methods assume that the brain has a single constant attenuation coefficient; however, the head consists of brain parenchyma, skull bone, nasal cavities and several other structures. Furthermore, during SPECT acquisition, the patient's head is positioned on a head holder that may also affect photon attenuation ([@ref6]).

Non-uniform attenuation correction methods have been developed to provide more precise attenuation correction ([@ref7], [@ref8]). A transmission computed tomography (TCT) method uses an external radiation source, which measures an attenuation map specific for each specific patient. Technical limitations associated with external sources have led to the development of CT based non-uniform attenuation correction (CTAC). CT images are initially obtained from independent machines and are matched to the SPECT image by software fusion ([@ref8]).

Recently, hybrid SPECT/CT devices have been employed. SPECT/CT enables accurate attenuation correction, and can fuse perfusion and morphological images ([@ref9], [@ref10]). In a previous study reported by Ishii et al., the Chang and CTAC methods were compared in a clinical examination ([@ref6]). However, it was a comparative study that the true radioactivity distributions were unknown. On the other hand, several studies have evaluated SPECT images using a digital phantom as a reference image ([@ref11], [@ref12]).

The purpose of this study was to evaluate the influences of reconstruction and attenuation correction on the radioactivity distributions in ^123^I brain SPECT obtained by the hybrid SPECT/CT device using a 3-dimensional (3D) brain phantom. The 3D digital phantom developed from CT image of the phantom was used as a reference.

Methods {#sec1-2}
=======

The 3-dimensional Brain Phantom {#sec2-1}
-------------------------------

The 3D brain phantom (Molecular Imaging Labo Inc., Osaka, Japan) was developed by the National Cerebral and Cardiovascular Center Research Institute in Japan ([Figure 1](#F1){ref-type="fig"}) ([@ref11]). The phantom was constructed with a laser-modeling technique, and consists of a precise structure imitating the gray matter, white matter, cerebrospinal fluid space, skull and scalp based on MR images. The gray matter region was filled with ^123^I solution (20.1 kBq/mL). The white matter region, cerebrospinal fluid space and scalp were made of a photo-curable polymer. The bone region was filled with K~2~HPO~4~ (310.3 mL) ([@ref13]).

![The 3D brain phantom: the appearance (A) and CT image (B). The phantom includes regions imitating the grey matter, white matter, cerebrospinal fluid space, skull and scalp. The grey matter can be filled with the radioactive solution](AOJNMB-2-24-g001){#F1}

Imaging Protocol {#sec2-2}
----------------

### Data Acquisition {#sec3-1}

The SPECT/CT data were acquired by a hybrid SPECT/CT device (Symbia T6, Siemens), a combination of a two-headed gamma camera and a 6-slice multi-detector row CT. The matrix size was 128×128, with a pixel size of 3.9 mm. The data acquisition was performed by a continuous clockwise and counter clockwise rotation over 180° by five rotations of five minutes each. The main energy window was 20%, with an ^123^I photopeak of 159 keV. The sub-windows were 7% above and below the main window. The triple energy window (TEW) method was used for scatter correction in all reconstruction methods.

The CT scan protocol was performed using the following parameters: 130 kV, 55 mAs, 0.6 s tube rotation, 3 mm slice collimation and a 300 mm field-of-view.

### Image Reconstruction {#sec3-2}

The SPECT images were reconstructed by using FBP and 3D-OSEM. A ramp filter was applied for FBP reconstruction. The 3D-OSEM incorporates collimator depth-dependent three-dimensional resolution recovery compensation ([@ref12]). The reconstruction parameter for OSEM was 10 iterations and 9 subsets ([Figure 2](#F2){ref-type="fig"}). The Chang attenuation correction assumed a uniform attenuation coefficient of 0.12 cm^-1^. The CT-based non-uniform attenuation correction used an attenuation map which was obtained from the CT images. We supplementarily obtained the mean μ values of the head holder, water and bone from the attenuation map. As a smoothing filter, a Butterworth filter (cutoff: 0.36 cycles/2 pixels, order 8) was used in FBP and a Gaussian filter (a full width at a half maximum of 7.8 mm) in 3D-OSEM.

![The SPECT images by 3D-OSEM-CTAC with various reconstruction parameters. We chose the iteration of 10 and subset of 9 based on the visual assessment of the balance between spatial resolution and noise for the SPECT images](AOJNMB-2-24-g002){#F2}

The attenuation coefficient of Chang method was determined by preliminary pool phantom evaluation. The diameter of the pool phantom was 16 cm. The attenuation coefficient was varied from 0.09 to 0.17. The uniformity of the pool phantom image was evaluated by visual assessment for profile flatness (5 grades: -2, -1, 0, +1, +2) by 5 radiological technologists. We also placed a 16-cm-diameter circular ROI on the phantom image and calculated the coefficient of variation (CV). The best flatness of the profile curve with 0 was obtained at attenuation coefficient of 0.12 cm^-1^. The smallest CV of 6.8% was obtained for the image with attenuation coefficient of 0.12 cm^-1^. Thus, the attenuation coefficient of 0.12 cm^-1^ was used for this study.

The reconstruction parameters for OSEM were determined by visual assessment evaluating the image quality of the SPECT images by 3 nuclear medicine physician and 5 radiological technologists from the point of view of spatial resolution and uniformity.

In this study, we evaluated the SPECT images reconstructed by using FBP with uniform attenuation correction (FBP-uAC), 3D-OSEM with uniform AC (3D-OSEM-uAC) and CT-based non-uniform AC (3D-OSEM-CTAC).

Development of the 3D Digital Brain Phantom {#sec2-3}
-------------------------------------------

The 3D digital brain phantom was developed from CT images of the 3-D brain phantom by using the ImageJ software program (National Institutes of Health, Bethesda, Maryland, USA). The gray matter region with water density in the CT images was extracted by image processing, thresholding techniques and an opening operation. The image matrix of the binarized gray matter region was then changed to the same matrix size as the SPECT images. Finally, a post-processing smoothing filter equal to the SPECT images was applied to obtain the 3D digital brain phantom ([Figure 3](#F3){ref-type="fig"}).

![The flow chart of the development of the 3D digital brain phantom from CT images of the 3D brain phantom. All processes were performed using the ImageJ software program](AOJNMB-2-24-g003){#F3}

Data Analysis {#sec2-4}
-------------

### Normalized mean squared error (NMSE) {#sec3-3}

The NMSE was calculated in order to evaluate the deviation between the SPECT images and the 3D digital phantom on the basal ganglia level ([@ref13], [@ref14]). We calculated the NMSE of the axial images as follows:

![](AOJNMB-2-24-g004.jpg)

where *f* (i, j, k) and *g* (i, j, k) represent the pixel values of the reference and target images.

### Regional radioactivity {#sec3-4}

We also examined the differences in the regional radioactivities among the SPECT images using a digital phantom as a reference. For the analysis, the template ROIs was automatically set by using the NEURO FLEXER program (Nihon Medi-physics Co., Ltd., Tokyo, Japan) by referring to the Talairach atlas ([@ref15]). The acquired SPECT images were anatomically standardized to obtain information of the voxel transformation. Based on this information, the ROIs template was modified to the SPECT images by inverse transformation. The ROI counts were then normalized to relative radioactivity as a reference of the maximum count. The ROIs of the anterior cerebral artery (ACA), anterior-middle cerebral artery (MCAant), posterior-middle cerebral artery (MCApost) and posterior cerebral artery (PCA) territories were used for the analysis ([Figure 4](#F4){ref-type="fig"}).

![The regions of interest identified by NEURO FLEXER program. ACA: anterior cerebral artery territory, MCA ant: anterior-middle cerebral artery territory, MCA post: posterior-middle cerebral artery territory, PCA: posterior cerebral artery territory](AOJNMB-2-24-g005){#F4}

### Visual assessment {#sec3-5}

For visual assessment, the SPECT images were evaluated according to the consistency with the digital phantom on a 3-step scale (1, poor; 2, fair; 3, good) by 1 board-certified nuclear physician and 3 radiological technologists.

Results {#sec1-3}
=======

The NMSE value were 0.0820 in FBP-uAC, 0.0895 in 3D-OSEM-uAC and 0.0734 in 3D-OSEM-CTAC ([Figure 5](#F5){ref-type="fig"}). The 3D-OSEM-CTAC image was considered to be the most similar to the reference image of the digital phantom.

![The SPECT images and NMSE values. The 3D-OSEM-CTAC image was the closest to the digital phantom](AOJNMB-2-24-g006){#F5}

In comparison with the digital phantom, the regional radioactivity in FBP-uAC was higher in the ACA and PCA, while it was lower in the MCAant and MCApost ([Figure 6](#F6){ref-type="fig"}). The difference was the largest in the MCApost (-11.5%). The

![The differences in the regional radioactivity of FBP-uAC, 3D-OSEM-uAC and 3D-OSEM-CTAC in comparison to that of the digital phantom. The differences between the digital phantom and the 3D-OSEM-CTAC values were 1.8% or less in all brain regions](AOJNMB-2-24-g007){#F6}

In comparison with the digital phantom, the regional radioactivity in FBP-uAC was higher in the ACA and PCA, while it was lower in the MCAant and MCApost ([Figure 6](#F6){ref-type="fig"}). The difference was the largest in the MCApost (-11.5%). The regional radioactivity in all cerebral cortices in 3D-OSEM-uAC was higher than that of the digital phantom (range from 1.2 to 5.8%). In the 3D-OSEM-CTAC, the difference in the radioactivity was 1.8% or less in all regions.

The mean visual scores were 1.5 for all three SPECT images. The mean μ value of the head holder, water, and bone were 0.12, 0.12 and 0.21 cm^-1^ which were obtained from the attenuation map.

Discussion {#sec1-4}
==========

In this study, we evaluated the influences of reconstruction and attenuation correction on the radioactivity distributions in ^123^I brain SPECT obtained by the hybrid SPECT/CT device with reference to the 3-D digital phantom. Both the NMSE and regional radioactivity suggested that the SPECT image of 3D-OSEM-CTAC was the closest to the reference.

The NMSE of 3D-OSEM-CTAC was the smallest among 3 images. On the other hand, the NMSE values of FBP-uAC were equivalent to those of 3D-OSEM-uAC. Furthermore, the regional activity in the 3D-OSEM-CTAC images was the closest to that of the digital phantom. The regional activities of the ACA area in FBP-uAC and 3D-OSEM-uAC were similarly higher than those of the digital phantom. Ishii et al. also reported that counts in the frontal area of the Chang's-AC images were significantly higher than those in the CTAC images ([@ref6]). In a simulation study reported by Arlig et al., the frontal lobe activity in the Chang's-AC images was overestimated compared to that in the CTAC images ([@ref14]). Our results also suggested that the frontal counts of the Chang's-AC images were higher than those of the CTAC images. Decreased frontal counts in the CTAC image may relate to consider the attenuation of the head holder ([@ref6]).

When we compared the regional activities between FBP-uAC and 3D-OSEM-uAC, the relative activities in the MCA area were considerably different. In FBP-uAC images, that of the MCApost was underestimated by 11.5%. On the other hand, in 3D-OSEM-uAC images, that of the MCAant was overestimated. Several studies have reported that OSEM provided better spatial resolution compared to FBP ([@ref12], [@ref16]--[@ref18]). The MCA area has complicated regions, which can lead to underestimation of the activity in the small regions by the partial volume effect. On the other hand, the image reconstructed with the FBP has lower resolution. Thus, the MCA area of the FBP image could be underestimated by the partial volume effect. Furthermore, 3D-OSEM includes resolution recovery compensation. OSEM with the resolution recovery method has previously been shown to improve the spatial resolution and contrast ([@ref12], [@ref18]).

Our results showed that the 3D-OSEM-CTAC image was the most similar to the 3-D digital brain phantom among the three SPECT images. Recently, the digital phantom has been used as a reference image for SPECT examinations ([@ref12], [@ref19]). Our proposed digital phantom can be easily developed and applied for such examinations. The CTAC method can estimate the non-uniform attenuation of both the head and head holder at the same time. Therefore, the CTAC method is considered to provide the most accurate attenuation correction for measuring the true regional radioactivity.

Although comparative studies of Chang's and CT attenuation correction methods in brain perfusion SPECT have been performed in several previous studies, the CT used in their studies were separate devices ([@ref7], [@ref8], [@ref14]). Using separate CT involves the risk of a mismatch between the CT and SPECT images ([@ref20]). In contrast, the spatial mismatch between the CT and SPECT images is negligible when using a hybrid SPECT/CT device. Thus, using hybrid SPECT/CT device for CT attenuation correction is considered to provide more accurate brain perfusion distributions.

This study had limitations that should be kept in mind when interpreting the results. First, the white matter region in the 3-D brain phantom could not be filled with the radioactive solution. A further study is required to evaluate the clinical brain SPECT images and to confirm that the present phantom results can be translated to the clinical setting. Second, we used the reconstruction parameters determined by our phantom examination. The iteration and subset in OSEM are known to influence the regional radioactivity ([@ref12]). When we evaluate various images, the standardization of the reconstruction parameters is considered to be important among the reconstruction methods. Third, the visual inspection is not corresponded to the results of NMSE value. It is not greatly improved the image quality visually. Moreover, it is considered to depend on the subjectivity of the reading physician.

Conclusion {#sec1-5}
==========

The 3D-OSEM with CT attenuation correction using hybrid SPECT/CT is considered to provide an accurate assessment of the brain radioactivity distribution. In addition, our proposed digital phantom could be used to accurately evaluate the SPECT/CT images.
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